1. Introduction {#sec1}
===============

Cell adhesion capability of implanted biomaterials is critical to the subsequent cell behavior and ultimate tissue response \[[@bib1],[@bib2]\]. During the integration with host tissue, the surface physicochemical properties of implants determine cell affinity by adjusting the orientation, conformation and amount of adsorbed proteins from extracellular matrix (ECM) \[[@bib3], [@bib4], [@bib5], [@bib6]\]. Adsorbed ECM proteins in specific state for cell attachment can work as pilots to guide cell adhesion \[[@bib7]\]. Although the surface chemistry of biomaterials has been understood to play an elemental role in mediating the complex interplay at biomaterial-protein interface, it is still challenging to directly monitor the dynamic details of protein structure during adsorption process.

Vitronectin (Vn) is one of the important multi-functional ECM proteins in plasma. It was dedicated to various biological activities especially angiogenesis, plasminogen activation and cell adhesion \[[@bib8]\]. The N-terminal domain (\~44--53 residues) of Vn holds a 44 residues segment identical to somatomedin B (SMB), referred to as the SMB domain \[[@bib9]\]. The SMB domain is crucial to wound healing via the binding to urokinase receptor (uPAR) and plasminogen activator inhibitor 1 (PAI-1) \[[@bib10]\]. Notably, this domain hosts a key cell-binding site, the Arg-Gly-Asp (RGD) motif, thus is commonly regarded as the core functional segment of Vn \[[@bib8]\]. The accessibility of these RGD motifs decides cell adhesion to Vn matrix by engaging and activating the integrin receptors on cell membrane like α~v~β~1~, α~v~β~3~ \[[@bib11]\] and α~v~β~5~ \[[@bib12]\]. High-resolution crystal structure of SMB domain had been resolved \[[@bib9]\]. Due to the similar cell-binding capability to full-length Vn \[[@bib13]\], the SMB domain can serve as a decent representative for Vn to collect structural information and interpret cell-binding capacity during adsorption.

Although several studies have been carried out to examine the bioactivity of adsorbed Vn regulated by the electric property \[[@bib14]\] or hydrophilicity \[[@bib15],[@bib16]\] of material surfaces, hardly any detailed structural information or dynamics mechanism was elucidated. In a study by Bernards et al. \[[@bib14]\], both negatively and positively charged substrates presented excellent cell-binding ability of adsorbed Vn. They inferred the importance of conformation to bioactivity of Vn when adsorbed on charged surfaces from denaturing experiment of Vn under acidic conditions. In addition, the inhibition by hydrophilicity of substrates on the bioactivity of Vn layer was observed by the use of mixed fibronectin and Vn \[[@bib15]\]. Hydrophilicity of the substrate may decrease the Vn adsorption monotonically, as well as the bioactivity of adsorbed Vn due to fewer focal adhesions (FAs) \[[@bib16]\]. However, direct evidence for detailed dynamic mechanism was still absent. The specific interplay and underlying mechanism of Vn adsorption under specific surface chemistry requires to be clearly clarified.

Herein, self-assembled monolayers (SAMs) with four kinds of terminal groups (-COOH, -NH~2~, -CH~3~ and -OH), served as model surfaces with opposite properties of charge or hydrophobicity, were well-prepared. The amount, orientation and morphologies of adsorbed Vn on the model surfaces were then investigated. Furthermore, the dynamic orientation and conformation of SMB domain segment and substrate-protein interactions during adsorption were studied by molecular dynamics (MD) simulation at atomic scale, following an initialization for the orientation configuration of protein by Monte Carlo method (MC). Finally, the adhesion and spreading of human mesenchymal stem cells (hMSCs) on Vn-adsorbed SAMs substrates were evaluated by observing cytoskeleton organization, focal adhesions formation and gene expression of related integrins. Based on the results, the adsorption dynamics and ultimate biological response of Vn were summarized and expected to provide an insight into understanding Vn functionality and surface modification for implanted biomaterials.

2. Materials and methods {#sec2}
========================

2.1. SAMs preparation {#sec2.1}
---------------------

Four 1 mmol·L^−1^ alkanethiol ethanol solutions were well-prepared in advance, specifically 11-mercaptoundecanoic acid (COOH, HS(CH~2~)~10~COOH), 11-amino-1-undecanethiol hydrochloride (NH~2~, HS(CH~2~)~11~NH~2~·HCl), 1-dodecanethiol (CH~3~, HS(CH~2~)~11~CH~3~), and 11-mercapto-1-undecanol (OH, HS(CH~2~)~11~OH). The gold slides were cleaned by a nitrogen plasma treatment previously and immersed in the 1 mmol·L^−1^ alkanethiol ethanol solutions overnight. The SAMs-modified substrates were rinsed with ethanol and then dried with a stream of nitrogen gas. The surface wettability and potential were detected by a contact angle meter (DSA25, Kruss, Germany) (n = 5) and the scanning Kelvin probe microscopy (SKPM) on an atomic force microscope (AFM, MFP-3D) (n = 4) with the use of PPP-EFM probes in air respectively.

2.2. Vn adsorption {#sec2.2}
------------------

SAMs substrates were immersed in 0.1 and 10.0 μg·mL^−1^ vitronectin (Vn, R&D Systems, USA) solutions and incubated for 1 h under 37 °C, 5% CO~2~. The elemental compositions of bare and Vn-adsorbed SAMs samples with initial concentration of 10.0 μg·mL^−1^ were investigated by X-ray photoelectron spectroscopy (XPS, Escalab 250Xi, Thermo, USA). The morphology and surface potential distribution of Vn-adsorbed SAMs samples were detected and visualized by SKPM on an atomic force microscope (AFM, MFP-3D) with the use of PPP-EFM probes in the air.

Adsorption amounts and kinetics of vitronectin were studied by surface plasmon resonance assay (SPR, Plexera Kx5 V2, Plexera® Bioscience LLC, USA) with continuously inflowing Vn solutions of 1, 5, 10 and 20 μg·mL^−1^ over SAMs-modified SPR sensor surfaces at a rate of 2 μL·s^−1^. The baseline was determined by inflowing protein-free PBS buffer. The adsorption and desorption of Vn were recorded and represented by the refractive unit (RU, 1 ng·mm^−2^).

The functional capability of Vn adsorbed on SAMs was investigated by human vitronectin enzyme-linked immunosorbent assay kit (EHVTN, Thermo scientific, USA) by the use of monoclonal antibodies specifically binding to the epitopes of the RGD-holding domains (somatomedin-B domains) according to the manufacturer\'s instructions (n = 3).

2.3. SMB domain and SAMs models for simulations {#sec2.3}
-----------------------------------------------

As the representative for Vn, N-terminal somatomedin-B domain (SMB) of mature human plasma Vn all-atom structure was retrieved from RCSB protein data bank (PDB: [1S4G](pdb:1S4G){#intref0010} \[[@bib9]\], model 20) with a net charge of −3. SMB domain has four disulfide pairs stabilizing its steric structure. A disulfide pair Cys25-Cys39 defines a cystine-stabilized α-helix (CSH motifs) within a fairly large loop ([Fig. S1](#appsec1){ref-type="sec"}). SMB domain holds an RGD tripeptide comprising residues 45--47 within the C-terminal part. The angle between normal vector and the electric dipole moment of SMB molecule was denoted as the orientation angle (θ).

COOH-SAMs, NH~2~-SAMs, CH~3~-SAMs, and OH-SAMs model surfaces were constructed by adopting the $\left( {\sqrt{3} \times \sqrt{3}} \right)R30{^\circ}$ structure on Au(111) with HS(CH~2~)~11~COOH, HS(CH~2~)~11~NH~2~, HS(CH~2~)~11~CH~3~, and HS(CH~2~)~11~OH, respectively. The dimension of model surfaces was 5.196 × 5.500 nm^2^. Ten terminal groups each were protonated and deprotonated randomly for COOH-SAMs and NH~2~-SAMs respectively to adjust the surface charge density to 0.05 C·m^−2^. The parameters of SAMs molecules were derived from the CHARMM36 force field \[[@bib17]\].

2.4. Monte Carlo preoptimization {#sec2.4}
--------------------------------

MC preoptimization was conducted prior to MD simulation to optimize the initial orientations. Systems were separated into three groups according to the charge of SAMs: negatively charged (COOH), positively charged (NH~2~) and non-charged (CH~3~ and OH). SAMs surfaces were simplified into endless planes with corresponding charge in the calculation, whereas SMB was simplified into a coarse-grained model referring to α-carbons. Electrostatic interaction and van der Waals interaction were calculated by using empirical equations and corresponding parameters from Zhou\'s work \[[@bib18],[@bib19]\].

Coarse-grained SMB molecules were kept rigid throughout the calculation. The temperature of the system was set as 300 K. SMB molecules were placed over the endless plane by 10 nm. 80,000,000 MC circulations had been carried out in total by transferring and rotating SMB molecule around the center of mass. The first half of the MC calculation was performed for equilibration, whereas the rest half was for statistical analysis.

Optimized orientations from MC circulations were denoted as O~1~, O~2~, O~3~, and O~4~ accordingly ([Fig. S5](#appsec1){ref-type="sec"}). The O~1~ and O~2~ orientations were applied as initial orientations for the MD simulations of COOH-SAMs and NH~2~-SAMs systems respectively, whereas the O~2~, O~3~, and O~4~ orientations were applied as initial orientations for the MD simulations of CH~3~-SAMs and OH-SAMs systems.

2.5. MD simulation {#sec2.5}
------------------

All-atom molecules of SMB were placed above SAMs surfaces by 0.5 nm in a simulation box of 5.196 × 5.500 × 8 nm^3^. TIP3P model \[[@bib20]\] was used to describe the water molecule for solvation. After filling up the box, water molecules were partly substituted by chlorine and sodium ions to neutralize the charge of entire systems. All the sulfur atoms in the sulfhydryl groups of SAMs molecules were kept fixed during the MD simulation.

MD simulations were carried out in a canonical ensemble with a time step of 2 fs. A Nosé-Hoover thermostat \[[@bib21]\] was used to keep system temperature at 300 K. A Maxwell-Boltzmann distribution under 300 K allocated the initial velocity of each atom. Nonbonded interactions were calculated by a switched potential with a switch function starting at 9 Å and ending in zero at 10 Å, whereas the electrostatic interactions were calculated by the particle mesh Ewald method in 3dc geometry \[[@bib22]\] with a cutoff distance of 12 Å. Hydrogen bonds were constrained by the LINCS algorithm \[[@bib23]\]. Periodic boundary conditions were used in the *x* and *y* directions only. Two hard walls were used as implemented in the GROMACS-5.1.2 package \[[@bib24]\]. All the parameters were derived from CHARMM36 force field \[[@bib17]\].

Before production, the systems were relaxed through energy minimization to eliminate steric clashes and inappropriate geometry. Thereafter, a 100 ps NVT equilibration with position restraint on heavy atoms of SMB molecules was conducted to equilibrate the solvent and ions around protein. Finally, a 100 ns production MD simulation was carried out for each system. All the structures were visualized by VMD 1.9.2 \[[@bib25]\] and PyMOL 2.2.0 \[[@bib26]\]. Surface potential was calculated and visualized by APBS-PDB2PQR tools \[[@bib27]\]. SMB-SAMs interfacial binding energies during the final stage were calculated by g_mmpbsa tools \[[@bib28],[@bib29]\]. Secondary structure of SMB molecules was calculated by dssp package \[[@bib30],[@bib31]\]. The root-mean-square deviation (rmsd) of the protein backbone, gyrate radius and electric dipole moment of SMB molecules were all calculated by GROMACS 5.1.2 package \[[@bib24]\]. Judging from the settled features in most of the rmsd curves for Vn backbone, the last 10 ns of MD simulation was denoted as the final stage of adsorption for further statistical analysis.

2.6. Cell culture and cell adhesion assays {#sec2.6}
------------------------------------------

Human bone-marrow-derived mesenchymal stem cells (hMSCs) (Huxma-01001, Cyagen Biosciences Inc., USA) were cultured in growth medium (Huxma-90011, Cyagen Biosciences Inc., USA) (hMSCs basal medium mixed with 10% hMSCs-qualified fetal bovine serum, 1% penicillin-streptomycin and 1% glutamine). 10 × 10 mm^2^ Vn-adsorbed SAMs were pre-blocked with 3% BSA solution under a humidified condition of 37 °C, 5% CO~2~ prior to cell seeding. Early passage cells (≤6) were seeded on samples at a density of 1 × 10^4^ cells·cm^−2^ and cultured for 12 h.

Cytomorphology study. After fixed and permeabilized, the hMSCs samples were incubated in the 1:100 diluted anti-vinculin antibody Alexa Fluor®647 (red) (ab196579, Abcam, USA) at 4 °C for 12 h for the immunostaining of focal adhesions. Afterward, the F-actin and nuclei of the cells were stained with Alexa Fluor®488 (green) (ThermoFisher Scientific, USA) for 20 min and DAPI (blue) (Beyitime, China) for 5 min respectively. The cytomorphology was observed by confocal laser scanning microscopy (CLSM, TCS SP8, Leica, Germany) (n = 2).

Evaluation of integrin gene expression. Total RNA was isolated by Hipure Total RNA Kits (Magentec, China) and reverse transcribed into cDNA using PrimeScript® RT reagent Kit with gDNA Eraser (TaKaRa Biotechnology, Japan) according to the manufacturer\'s protocol (n = 4). RT-PCR reactions were carried out with the SYBR Green System (Invitrogen, USA). Samples were held at 95 °C for 10 min, followed by 40 cycles at 95 °C for 15 s and 60 °C for 1 min. The relative quantification of target genes was processed by the 2^−ΔΔCt^ method (n = 4) using the primer and probe sequences (TaKaRa Biotechnology, Japan) as listed in [Table S1](#appsec1){ref-type="sec"}.

3. Results {#sec3}
==========

3.1. Adsorption affinity of Vn {#sec3.1}
------------------------------

In the XPS N1s spectra ([Fig. 1](#fig1){ref-type="fig"}A), the height of peaks at 400.2 eV representing the amide nitrogen \[[@bib32]\] are positively related to the amount of Vn. The highest peak for Vn adsorption among all groups was observed at the negatively charged surface (COOH-SAMs), whereas the least was found at the non-charged hydrophilic surface (OH-SAMs). Interestingly, Vn has a net negative charge at physiological conditions \[[@bib33]\] like SMB domain, which was supposed to be rejected from COOH-SAMs ([Fig. 1](#fig1){ref-type="fig"}E). It seems odd to have a higher Vn adsorption on like-charged COOH-SAMs than opposite-charged NH~2~-SAMs ([Fig. 1](#fig1){ref-type="fig"}A--D). In view of the high flexibility of Vn structure \[[@bib14]\], possible intrinsic changes may take place in the adsorption and affect the efficiency of adsorption. Without driving forces like electrostatic interactions, hydrophobic interaction plays a vital role in driving the adsorption of Vn on the non-charged hydrophobic surface (CH~3~-SAMs).Fig. 1Affinity of adsorbed Vn on SAMs. (A) XPS N1s spectrum of bare SAMs and Vn-adsorbed SAMs incubated with Vn solution of 10 μg·mL^−1^. (B) Amount of adsorbed Vn measured by ELISA. (n = 3) (C) Final amount of adsorbed Vn measured by SPR. (D) SPR response of Vn-fully-adsorbed and Vn-finally-adsorbed SAMs when uploaded with 10 μg·mL^−1^ Vn solution. (E) Molecular mechanical interactions and (F) hydrogen bonds formed at the interface between SMB molecules and SAMs surfaces during the last 10 ns of MD simulations.Fig. 1

Adsorption from Vn solutions with different concentrations were further quantified by Vn-ELISA and SPR assay ([Fig. 1](#fig1){ref-type="fig"}B--D). Vn-ELISA assay measures the amount of active RGD sites rather than adsorbed Vn, whereas SPR assay measures the total amount of adsorbed Vn. The binding conditions of Vn could be roughly inferred from the differences between two results.

SPR assay shared a similar amount relationship with Vn-ELISA test at 10 μg·mL^−1^ ([Fig. 1](#fig1){ref-type="fig"}C&D). The smaller gap between COOH-SAMs and NH~2~-SAMs in ELISA curves implied possible conformational change may took place in the SMB domain to deactivate the binding of detecting antibody. The highest Vn adsorption was observed on CH~3~-SAMs and reached a "saturated" state at 10 μg·mL^−1^. The higher adsorption on CH~3~-SAMs at 20 μg·mL^−1^ in SPR assay may suggested a fully adsorbed Vn monolayer at 10 μg·mL^−1^. As indicated in the binding energies calculated from the MD simulations, strong vdW interactions, i.e. mostly the hydrophobic interactions, dominantly stabilized the adsorbed SMB on CH~3~-SAMs. Hydrophobic interaction is known to be entropically induced in the presence of water molecules. Lacking polar interaction formed at the interface ([Fig. 1](#fig1){ref-type="fig"}F), the adsorbed SMB is free to slide on CH~3~-SAMs. The sliding may help eliminating the space between adsorbed proteins and thus increase the adsorption density.

Apart from amount, kinetics in the adsorption and desorption of Vn was also studied by fitting the association and dissociation phases from SPR assay ([Fig. S4](#appsec1){ref-type="sec"}). Corresponding kinetic rate constants were calculated as listed in [Table 1](#tbl1){ref-type="table"}. The highest K~off~ on CH~3~-SAMs among all groups manifested the fragile interactions of a large portion of adsorbed Vn with the substrate. We postulate that the interaction between later adsorbed Vn and substrate was cut down by the previous adsorbed Vn layers. Surprisingly, the lowest K~D~ was obtained for the COOH-SAMs, suggesting a considerable efficiency of Vn on negatively charged surfaces ([Fig. 2](#fig2){ref-type="fig"}D). This unexpected high efficiency on COOH-SAMs suggested a vital role of the impingement on the protein properties by material surfaces in Vn adsorption.Table 1Kinetic rate constants of the adsorption and desorption of Vn on SAMs-modified substrates.Table 1SAMsAverage association rate constant (K~on~) (M^−1·^s^−1^)Average dissociation rate constant (K~off~) (s^−1^)Equilibrium dissociation constant (K~D~) (M)COOH2.77 × 10^3^3.62 × 10^−8^1.31 × 10^−11^NH~2~1.39 × 10^4^1.11 × 10^−4^7.96 × 10^−9^CH~3~6.09 × 10^3^3.09 × 10^−4^5.08 × 10^−8^OH2.83 × 10^4^2.67 × 10^−4^9.43 × 10^−9^Fig. 2(A) Surface potential profile of Vn-adsorbed SAMs incubated with 0.1 μg·mL^−1^ and 10.0 μg·mL^−1^ Vn solutions. 3D photos of Vn-adsorbed SAMs were constructed from height data and recolored according to nap potential data. (B) The final visualization state of SMB-adsorbed systems. The state of O~1~-COOH system at 60 ns is showed additionally to visualize the pre-unfolding structure. RGD loops on SMB are presented in transparent green Surf mode.Fig. 2

In particular, the highest K~on~ was obtained for OH-SAMs, suggesting the adsorption was promoted possibly due to local charge and weak resistance. Weak interaction of non-charged hydrophilic surfaces ([Fig. 1](#fig1){ref-type="fig"}E) confirmed the behavior of Vn involves repeated adsorption and desorption as shown in the trajectories from MD simulations (see supporting materials).

3.2. Morphologies of adsorbed Vn {#sec3.2}
--------------------------------

0.1 μg·mL^−1^ (low concentration) and 10.0 μg·mL^−1^ (high concentration) Vn solutions were employed in the incubation to further investigate the morphology of adsorbed Vn on SAMs-modified surfaces ([Fig. 2](#fig2){ref-type="fig"}A). In light of monitoring the structural details directly, representative structures of adsorbed SMB in the final stage were visualized ([Fig. 2](#fig2){ref-type="fig"}B).

Vn layer covered the COOH-SAMs surface with a higher density at 10.0 μg·mL^−1^, which was similar to the case of NH~2~-SAMs. When incubated at a lower concentration as 0.1 μg·mL^−1^, scattered Vn granules were observed on both substrates. Differently, the scattered Vn multimers demonstrated uniform mountain-like shape orienting to a similar direction on COOH-SAMs. Combine the results from MD simulation, SMB was unfolded with an "End-on" orientation on COOH-SAMs during the final adsorption stage ([Fig. 2](#fig2){ref-type="fig"}B). RGD loop was unrestrained and accessible for cell binding. At 60 ns of the simulation, SMB first anchored to the COOH-SAMs surface by two N-terminal basic residues (Lys6 and Arg8), and then unfolded into uniform shape during the post-anchoring period, which may explain the uniform mountain-like morphology of Vn. In contrast, SMB was slightly squashed but well-folded with a "Back-on" orientation on the NH~2~-SAMs where RGD loop was unrestrained. The α-helix (Glu23-Gln29) in the origin structure was destroyed due to the binding of acidic residues (Asp22 and Glu23) with substrate.

On hydrophobic CH~3~-SAMs, adsorbed Vn were aligned adjacently to form a branch shape at 0.1 μg·mL^−1^. Substrate surfaces and previous adsorbed Vn may play a big part in drawing the newly adsorbed Vn closer by interacting with them simultaneously. Particularly, the fluctuation in the height of Vn layer suggested an unfolded structure. The unfolding was further confirmed in all MD simulations for CH~3~-SAMs. SMB was adsorbed on the CH~3~-SAMs with a similar "Side-on" orientation regardless of the initial configure ([Fig. 2](#fig2){ref-type="fig"}B). RGD loops were restrained by substrates and deactivated for integrin binding. With higher concentration, unfolded Vn mutually crowded to form multilayers averagely covering substrate with an even higher amount compared to charged substrates. The upper Vn layer seemed to be incomplete probably due to the cutting down of hydrophobic interaction by the subjacent Vn layer.

Adsorbed Vn on hydrophilic OH-SAMs demonstrated scattered granule-like morphology but with a larger size at 10.0 μg·mL^−1^ than that at 0.1 μg·mL^−1^. The polar -OH groups of OH-SAMs surfaces tend to form hydrogen bonds with adjacent water molecules and make for a water layer coating. In sight of the weak interaction implied in MD simulation ([Fig. 1](#fig1){ref-type="fig"}E), adsorbed water molecules on hydrophilic surfaces may physically block direct binding of Vn to the substrate, as observed in the simulation results ([Fig. S7](#appsec1){ref-type="sec"}). Thereafter, Vn was preferably adsorbed onto the earlier adsorbed Vn, forming larger aggregates. As indicated in the results of simulations, RGD loops were restrained to the substrate in O~3~-OH and O~4~-OH. "Side-on" pattern in O~2~-OH was similar to that in O~4~-OH, where the RGD was likely to interact with substrate and develop into a deactivate state, as displayed in the movies (see supporting materials).

3.3. Binding patterns of SMB domain {#sec3.3}
-----------------------------------

The contribution of residual binding energies indicated a more exact binding poses of SMB ([Fig. 3](#fig3){ref-type="fig"}). Adsorption on COOH-SAMs was contributed mostly by the molecular polarity of SMB molecule. Two N-terminal basic residues (Lys6 and Arg8) served as binding sites to support the anchoring of SMB. On the contrary, the adsorption was stabilized by two acidic residues (Asp22 and Glu23) at the N-terminal end of α-helix on NH~2~-SAMs surface. Notably, barely any contributions at the C-terminal part indicated non-binding RGD loops in both charged systems. However, C-terminal part of SMB bore strong contact with all non-charged surfaces. The restrained state of RGD loops is likely to harm the cell-binding capability of SMB. Flattened SMB molecule with a meta-stable structure was observed on all hydrophobic surfaces ([Fig. 2](#fig2){ref-type="fig"}B). The high contribution of both central and C-terminal part of the hydrophobic core confirmed the unfolding of SMB. In contrast, SMB was likely to be adsorbed with a restrained RGD loop on OH-SAMs in the final stage, but repeated reorientation could hardly define a preferable binding state of SMB.Fig. 3Contributions of each residue of SMB to the binding interactions with SAMs surfaces. The residues or parts that made high contributions are labeled.Fig. 3

3.4. Conformational evolutions of SMB domain {#sec3.4}
--------------------------------------------

The structure of Vn may undergo severe deformation under intense conditions \[[@bib34]\], so as SMB. Notably, bursts in the curves of both rmsd and gyrate radius were observed in O~1~-COOH starting from 70 ns and lasting for about 20 ns ([Fig. 4](#fig4){ref-type="fig"}A&B), indicating drastic change in the structure of SMB. Although the structural change in the early period seemed to be restored from 55 ns, the structure of adsorbed SMB was somehow altered significantly afterward. RGD loop was decomposed into coils occasionally in all systems ([Fig. 4](#fig4){ref-type="fig"}C), increasing the flexibility of itself. The bioactivity was expected to be slightly improved with these more flexible RGD loops.Fig. 4(A) Rmsd of SMB backbone. (B) Gyrate radius of SMB molecules. (C) Secondary structure of SMB molecules during MD simulation. RGD loops are labeled out with red boxes.Fig. 4

The conformational change of SMB molecule in O~1~-COOH indicated a three-stage adsorption: approaching, anchoring and unfolding. The α-helix was first destroyed during approaching and reconstructed after anchoring on the substrate due to no restraints at the central part ([Fig. 4](#fig4){ref-type="fig"}C). Thereafter, continuous strong repulsive forces broke the α-helix into shorter helices or even loops, and unfolded SMB eventually.

For O~2~-CH~3~ and O~4~-CH~3~, the α-helix (Glu23-Gln29) in origin structure was first destroyed and then reconstructed in the long term. Despite the fact that the aromatic ring of tyrosine is a non-polar group, the phenolic hydroxyl group somehow makes it more acidic. The hydrophobic tyrosine on α-helix (Tyr27 and Tyr28) interacted with the substrate and destroyed the α-helix, but the phenolic hydroxyl group released the part and supported the reconstruction afterward.

3.5. Cell adhesion on Vn-adsorbed SAMs {#sec3.5}
--------------------------------------

Adhered hMSCs were well-spread on all substrates, with pseudopods along the cell periphery ([Fig. 5](#fig5){ref-type="fig"}A). Higher spreading area of hMSCs was observed on Vn-adsorbed COOH-SAMs and NH~2~-SAMs ([Fig. S8](#appsec1){ref-type="sec"}). Higher aspect ratio of cells attached on CH~3~-SAMs indicated a slenderer shape in the morphologies. Particularly, More vinculin-containing focal adhesions (FAs) on charged surfaces also implied a better cellular affinity \[[@bib15]\], which seemed to result from the beneficial orientations of adsorbed Vn. Rarely any new FAs was observed at the leading edge of cells on CH~3~-SAMs, possibly indicating the inhibition of cell migration and spreading \[[@bib35]\].Fig. 5(A) Morphology of adhered hMSCs on Vn-adsorbed SAMs after cultured for 12 h. The cytoskeleton (green) and nuclei (blue) of hMSCs were presented. Focal adhesions formation was examined through immunostaining of vinculin (red). (B) Gene expression of integrins associated with Vn. TCPS served as the blank. ★ denoted significant difference (*p* \< 0.05).Fig. 5

We also investigated the gene expression of integrins at 12 h ([Fig. 5](#fig5){ref-type="fig"}B). All gene expression level of integrins on charged SAMs surfaces showed superiority compared to those on non-charged ones, which was consistent with morphology results. The up regulation of integrin genes manifested the fact that Vn matrix can trigger the intracellular signals with actin cytoskeleton and promote cell adhesion and spreading.

4. Discussion {#sec4}
=============

Biomaterial surface chemistry is known to play an essential role in mediating adsorption behavior of proteins and likely inducing variations in protein structure \[[@bib5],[@bib14]\]. Properties of adsorbed proteins on the surface primarily determine the biocompatibility of implanted biomaterials \[[@bib3]\]. With the developing of MD simulations, explicitly deciphering of the structural information and dynamic mechanism during protein adsorption becomes feasible.

Adsorption of Vn on different surface chemistries showed very complex profiles relating to amount, efficiency and rate. Results of XPS, SPR and ELISA ([Fig. 1](#fig1){ref-type="fig"}A--D) implied that Vn appeared to be preferably adsorbed on surfaces with higher hydrophobicity. Negatively charged surface seemed to be more favorable than positively charged for Vn though the protein itself is negatively charged. Indeed, our findings are consistent with other studies \[[@bib14],[@bib36]\]. Dramatic changes in structure of SMB domain under acidic conditions indicated the structural flexibility of SMB domain \[[@bib14]\]. The tertiary structure of SMB domain and flexible linkers between domains of Vn tended to be altered under continuous repulsive electrostatic force, as implied by the unfolded structure ([Fig. 2](#fig2){ref-type="fig"}B). This conformational change likely created the non-spherical but uniform shape of the adsorbed Vn multimers on COOH-SAMs ([Fig. 2](#fig2){ref-type="fig"}A), and also a compromised detection by ELISA comparing to that by XPS ([Fig. 1](#fig1){ref-type="fig"}A&B). The unfolding in structure reduces the recognizability for antibodies but straighten up the protein to a higher packing density on COOH-SAMs. On the non-charged hydrophobic surfaces (CH~3~-SAMs), strong hydrophobic interactions unfolded the adsorbed Vn into a more disordered structure. The structural rearrangement may save space for later adsorption to reach a higher amount.

Based on the kinetic rate constants fitted and calculated from SPR assay ([Table 1](#tbl1){ref-type="table"}), association rate of Vn shared a different trend with dissociation rate. Although repulsive electrostatic interaction impeded a fast adsorption on COOH-SAMs, the unfolded structure of Vn enhanced adsorption capacity and reinforced the binding with substrate. On positively charged NH~2~-SAMs, the attractive electrostatic interaction appeared to adsorb Vn with a more stabilized structure. Dissociation rate of adsorbed Vn was generally higher on non-charged substrates due to the absence of electrostatic interaction. Particularly, non-charged hydrophilic OH-SAMs subjected to both high association rate and dissociation rate. After diffusion from the bulk solution, Vn anchors to the water-substrate interface via interaction of hydrophilic groups with the water adjacent to the hydrophilic OH-SAMs surfaces ([Fig. S7](#appsec1){ref-type="sec"}). Anyhow, due to the heterogeneity from different residual properties, strong interactions of Vn with the other SAMs surfaces may pose a repulsive force on the Vn and lead to a flux in orientations before anchoring. Lacking these forces enhanced the association rate of Vn relatively on OH-SAMs surfaces compared to the others, but also failed to initiate the lockdown process, causing a high dissociation rate. Hence, the behavior of Vn on OH-SAMs involved repeated adsorption and desorption processes, making the orientation of Vn become uncertain. On hydrophobic CH~3~-SAMs, the kinetics of Vn adsorption on CH~3~-SAMs subjected to a tracking model \[[@bib37]\], in which cooperative adsorption was proceeded due to the tracking of proteins to the binding sites close to pre-adsorbed proteins. Cooperative adsorption crowds adsorbed Vn into a much compact layer. However, the pre-adsorbed Vn layer on fully covered substrate altered the hydrophobicity of surface, leading to a weaker anchoring of subsequent adsorbed Vn. Internal rearrangement of protein structure is believed to make for a more effective lock-down process after anchoring \[[@bib38]\]. The disordered structure of Vn may endow stronger ability to fill the fleeting voids of strongly bound water layer on the substrate to reach a more stable adsorption state ultimately on both COOH-SAMs and CH~3~-SAMs.

Conformational-change-induced reorientation of adsorbed Vn defines the flexibility of RGD loops and decides cell response ultimately, though the adsorption amount is related to the amount of potential binding sites. MD simulations had depicted a clear picture on detailed structural and functional information of the key domain of Vn. RGD loops had higher flexibility in unfolded "End-on" orientation on COOH-SAMs or "Back-on" orientation on NH~2~-SAMs, which were supposed to promote cell adhesion. The predictions were well-confirmed by the higher expression of integrin genes on charged substrates. In contrast, RGD loops were likely to be restrained on non-charged substrates, indicating no promotion to cell adhesion. Adhesion of hMSCs also proved the prediction by the fact that cell adhesion was relatively impeded on neutral substrates. Anyhow, weakly adsorbed Vn still has the chance to make for a beneficial orientation for RGD loops by rotation on hydrophilic substrates, but low coverage still limited the number of binding sites for integrins.

Human Vn exists as an intact \~75-kDa molecule, or as 65- and 10-kDa polypeptides linked by two disulfide bonds \[[@bib39]\]. Preceded by a 19-residue signal peptide, a mature Vn consists of an N-terminal SMB domain (Asp1-Glu53), a central domain (Pro131-Pro342) holding a four-bladed β-propeller structure, and a C-terminal domain (Ala347-Leu459) engaging in the binding to heparin and collagen \[[@bib40]\]. Prior studies have noted the sufficient integrin binding capability of SMB domain itself, but not as its full function in cell adhesion and spreading without the heparin-binding domain \[[@bib13],[@bib41]\]. SMB domain can act as a qualified alternative for full-length Vn in the study of cell-binding capability in light of missing resolved crystal structure for the rest part. It suggested that the heparin binding site on C-terminal domain can selectively enhance osteoblast adhesion by specifically interacting with membrane glycosaminoglycans \[[@bib42]\]. Several studies also indicated that the hemopexin domain signature of central and C-terminal domain enhanced the stiffness of Vn through multimerization, which allows formation of stronger binding to integrin and a well-organized actin cytoskeleton \[[@bib13],[@bib40],[@bib43]\]. Notably, no dissociation of Vn after half cleavage of C-terminal heparin-binding domain indicated little or none appreciable contribution to conformational stability \[[@bib44]\], which may imply the insignificance of C-terminal domain structure in dynamic evolution of Vn conformation. Anyhow, our study has systemically elucidated the mechanism details for the cell-binding core domain of Vn, but the structural changes and influence of the rest part still worth further investigation on the premise of resolved high-resolution crystal structure.

Collectively, the patterns are different for Vn adsorption on each substrate ([Fig. 6](#fig6){ref-type="fig"}). Charged substrates promoted cell adhesion due to the beneficial conditions of RGD loops. The unfolding dynamics of adsorbed Vn demonstrated distinctive effect of conformational changes on COOH-SAMs and CH~3~-SAMs: COOH-SAMs imposed continuous electrostatic repulsive interaction on adsorbed Vn, and eventually unfolded the SMB domain into an RGD-flexible "End-on" orientation endowing Vn with better cell-binding capability. CH~3~-SAMs unfolded adsorbed Vn by strong hydrophobic interaction, which is similar in the cases of other proteins \[[@bib45]\]. Additionally, the weak interaction on OH-SAMs destabilized the attachment of Vn. Repeated adsorption and desorption had led to the flux in the orientation of Vn, reducing the capability for cell adhesion eventually.Fig. 6Schematic diagram of underlying mechanisms for Vn adsorption. Vn was unfolded by continuous repulsive electrostatic interaction on negatively charged surfaces, improving the density of adsorption layer. Similarly, hydrophobic surfaces also unfolded Vn to bring the hydrophobic core from inside out and stacked them into multilayers. Orientation of Vn was stable on positively charged surfaces, but adsorbed Vn with low density was likely to reorient continuously on hydrophilic surfaces due to vulnerable interaction.Fig. 6

5. Conclusion {#sec5}
=============

Dynamics and structural information of Vn during adsorption on model surfaces with opposite properties in charge or free energy were investigated by the adjoint use of experimental and computational methods. The cell-binding capability was predicted by the simulation and experimentally evaluated by the adhesion assessment of hMSCs.

Vn preferably adsorbed on negatively charged or hydrophobic surfaces, where its structure was likely to unfold. Negatively charged COOH-SAMs surface straightened up the Vn molecules and accumulated them forming a high-density protein layer, whereas non-charged hydrophobic CH~3~-SAMs surface squashed the Vn molecules but still stacked them into a higher-density multilayer by tracking adsorption. In simulations results, the more beneficial orientations with unrestrained RGD loop on charged surfaces were predicted to promote cell adhesion, which was subsequently confirmed by hMSCs adhesion assay. Cell adhesion results demonstrated divergent extents of enabled hMSCs adhesion on all Vn-adsorbed surfaces. But the underlying mechanisms were different relating to the amount and highly depending on the conformational change induced reorientation of Vn. Our findings may shed light on the mediating mechanism of biomaterial surfaces on protein adsorption dynamics and the subsequent cell adhesion and expected to exert great value in understanding Vn functionality and designing advanced biomaterials.
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